Investigations on the design and engineering of candidate substrate materials suitable for high T L superconductor thin film deposition and applications have yielded several exciting new hosts such as B a(Mg1/3Ta2/3)O3 ,, Sr(A11 /2 Ta 1 /2 )O3 , and Sr(Αll1/2Νb1/2)O3 . Dielectric properties, thermal expansion coemcients, melting temperatures and growth feasibility were tested for a wide range of substrate materials and solid solutions. These complex perovskite crystals and their associated solid solutions provide new options for ultra low loss, low permittivity substrates with close structural and thermal matching to the YΒa 2 Cu 3 O 7-δ . Several new materials have been tested for high Τc snperconductor film depositions. Α laser heated pedestal growth system has been used as an essential tool in producing single crystals for testing. Development on the predictive capability of the dielectric constant of ionic solids, by improving Shannon's approach, will also be discussed in this paper.
Introduction
The selection of useful substrate materials for the deposition of high Τc superconductors (HTSC) is of prime importance and is subjected to a number of constraints. In several microwave applications of the "ceramic dielectric substrates", important considerations have been given to the (a) materials' thermal properties such as thermal expansion and thermal conductivity, and (b) the electrical characteristics such as low dielectric loss, dielectric constants and dielectric coefficient with temperature. The main heart of the selection criteria are intended for the speed (in MCM devices) and the reduction of thermal effects on the signals. In case of the resonators the values of the constants are adjusted with the size of the required device. If we look for HTSC uses in such applications, the additional requirements from the substrates are demanded. For example, additional crystallographic matching parameters are required to deposit high quality oriented (preferably epitaxial) and hence high Jc high temperature superconducting films on the single crystal substrates. These parameters are summarized in Table I . (7) crystals of LaΑ1O3 . The serious problem of ferroelastic twinning in this material affects the quality of HTSC film and the device performance.
An additional factor, i.e., thermal expansion should also be considered rather seriously in selection of the single crystal substrate materials for HTSC. In this case, the films are deposited and oxidized at ≈ 5000C and the devices operate at liquid nitrogen temperatures. Therefore, for the less aging effects and high performance of the device point of view, thermal expansion matching over the temperature range from the deposition temperature to the operating liquid nitrogen are highly recommended.
Recently, several new materials have been suggested and are being tested. Onr goal has been to design and develop new highly suitable substrates which are better than that of LaΑ1O3 and thus the consideration for the development was based on the approach illustrated in Fig. 1 . After a systematic structure-property relationship several promising new hosts such as Sr(Al 1 / 2 T a 1 / 2 ) O
,
Sr(Αl1/2Νb1/2)O3, and Βa(Mg1/3Ta2/3)O3 in complex oxide perovskite family have been developed and snmmarized in this paper. In order to broaden the family of materials from which the candidates with broad range of dielectric properties can be selected for various microwave applications, an ion polarizability additivity rule (based on Shannon's model) was applied to predict the dielectric constant of large number of suitable HΤSC substrates and the values are compared in some cases with the measured values (of dielectric constants).
Experimental approach and results

Cryslals of complex oxide perovskiie compounds
Ceramic samples were prepared by solid state reaction, using conventional techniques. X-ray diffraction (XRD) technique was used extensively to characterize the crystallographic phases and to adjust the processing conditions. The laser heated molten zone (LHMZ) growth method has been shown to be a powerful method for rapidly growing small diameter single crystals, particularly oxides of high melting temperature, for both property studies and fiber devices [1] [2] [3] . The LHMZ equipment used in this investigation consisted of a power source (water cooled, tunable flowing gas CO2 55 W laser), an optical layout, and a growth section. The molten zone temperature during a stable growth was monitored using an optical pyrometer.
Radio frequency dielectric constants and the loss tangent were measured using a General Radio 1621 Capacitance Measurement System. Dielectric properties at microwave frequency were measured using resonance techniques equipped with an HP8510A network analyzer. Post resonance technique (the Hakki and Coleman technique) was used to measure the dielectric constants of the ceramic samples. Cavity perturbation technique was used for the measurements on samples of thin rod (e.g., single crystal fiber samples) or bar-shaped. The Q factors (of microwave frequency) at liquid nitrogen temperature were measured by a transmission resonance technique.
Βa(Μg1/3Τa2/3)O3 (ΒΜΤ)
Ceramics of complex perovskite oxides A(B1 1 /3Β22/3)O3 type have been explored previously as the candidate materials with excellent microwave dielectric properties [4] . Ba(Mg 1 / 3 Τa2 /3)O3 (BMT), in particular, was reported to have a dielectric constant K ti 25 and dielectric Q 16, 800 (one of the highest in the oxide family) at 10.5 GHz, in samples with 1 mol% Mn additive as a sintering aid [5] . BMT compound is one of the most refractory oxides known thus the growth of single crystals is difficult. Α single crystal of ΒΜΤ was grown from a ΒaF 2 flux. It yielded a significantly higher dielectric constant ( 200) [6] , presumably attributable to the flux contamination. ΒΜΤ single crystal fibers were grown successfully using our LHMZ technique. It grows congruently from the melt in the temperature range of 2900-3100°C. Α high temperature phase of simple cubic perovskite was obtained at room temperature, in comparison to the hexagonal ordered perovskite structure usually obtained in ceramics (see Fig. 2 ). Dielectric properties of both the ceramic and the single crystal BMT were studied. BMT ceramic samples have ultra low dielectric loss (< 1 x 10 -5 at 90 K and 10 kIlz) and good thermal compatibility (α 9.0x 10 -6 /0C) with the YBCO superconductors.
The single crystal BMT has a cubic lattice parameter α = 4.0877 'λ. The dielectric constant increases and saturates as the bulk density approaches the theoretical density. Dielectric loss reduces with the enhancement of the ordering of the B-site. Single crystals of high temperature disordered cubic form preserve a moderate dielectric constant (26.0 at 10 CHz) and low dielectric loss tan δ < 2.78 x 10 -4 at room temperature and 10 kHz and < 10 -5 at 90 K) which make this material unique for microwave device applications.
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The BMT lattice parameter of αn = 4.0877 Å, represents a lattice mismatch of 5.3% to the b-axis of YBCO (b = 3.883 Å); this seems less ideal as a substrate for YBCO. however, there has been no clear cut-off for lattice parameter matches for "epitaxial" (or highly oriented) film deposition of YBCO. "Epitaxial" YBCO tlin fllms on MgO single crystals (with mismatch of 8.5%) have been reported [7] . A BMT single crystal has a twin-free cubic perovskite structure which is advantageous as a substrate compared to some of the heavily twinned substrates, e.g., LaΑlO 3 and NdAlO 3 . high temperature ΒΜΤ single crystal grown by LHΜZ is twin free, of moderate dielectric constant, low dielectric loss, and good thermal expansion matching and is therefore identified to be a potentially suitable substrate for the HTSC thin film deposition.
The application of BMT as a substrate, beside its fiber crystals' applications for microwave antenna, may be restricted by the fact that single crystals are difficult to grow. Skull melting growth techniques [8] , could presumably be used to grow ΒΜΤ crystals of adequate sizes. The high melting temperature of ΒΜΤ will not be a crucial issue, when the material is used as an insulating layer between the YBCO fllms in. a multichip-module type of integrated structure, because vapor phase deposition teclniques (e.g., laser ablation and metal-organic chemical vapor deposition, MOCVD) rather than liquid phase growth methods will be utilized.
Sr(Al1/2Τa1/2)O3 (SAT) and
The compounds of Sr(Al 1 / 2 Τa 1 / 2 )O 3 and Sr(Al1/2Νb1/2)O3 were first prepared and tested to learn their crystallographic phases and melting behavior by the group at the AT&T Bell Labs [9] . Ceramic samples were identified to have double cell cubic perovskite structure with αn = 7.795 Å and melting temperatures of 19000C and 17900C for SAT and SAN, respectively. On the basis of our understandings of the crystal chemistry-dielectric property relation of various oxide perovskites, and the reports by the Bell Labs group which showed both the SAN and SAT melt congruently and produce a single phase of the perovskite structure after melting, we selected the SAT and SAN as primary candidates in the A(Β1 1 / 2 Β2 1 / 2 )O 3 complex oxide perovskite family for crystal growth and to investigate their properties in relation to snbstrate applications.
Sr(Al 1 / 2 Ta1 / 2 )O 3 and Sr(Al 1 / 2 Nb 1 / 2 )O 3 are grown using the LHMZ growth technique. Their crystallographic structures are found to be simple cubic perovskite with lattice parameters α = 3.8952 Å (SAT) and αn = 3.8995Å (SAN) which are of close lattice matching to the YBCO superconductors. No structural phase transitions or twins have been found and the average coefficients of the thermal expansion are in good matching with the YBCO superconductor materials. SAT currently represents one of the best potential HTSC substrate materials for microwave applications. The unique feature of this material is that it has desired dielectric properties (dielectric K 12, loss factor tan δ < 10 -4 ) at the microwave frequencies with twin-free lattice and good thermal expansion matching along with chemical compatibility with the YBCO superconductors. Dielectric constants in RF region as measured on the dense ceramic samples of SAT and SAN at 23°C are shown in Fig. 3 .
Our experimental results on the SAT composition (flrst reported at the Office of Naval Research Workshop on Substrates for HTSC, Williamsburg, VA, 1992) along with the earlier report on the congruent melting nature of the SAT and SAN compounds, have stimulated research works in the thin fllm area. MOCVD-derived SAT films grown at 8500C on LaΑ1O3 were found to have exclusively (001) growth with in-plane orientation [10] . Using SAT polycrystalline materials as targets in a pulsed 1aser deposition process, Findikoglu et al. [11, 12] have reported high quality epitaxial (c-axis orientation) growth of thin films of SAT and multilayers of YBCO/SAT on (001) LaΑ1O 3 and MgO snbstrates. Dielectric constants of the SAT fllms (≈ 100-390 nm thick), however, were reported to be 23-30, notably higher than the value (κ 12) found in bulk ceramic materials. The deviations from perfect cation stoichiometry in films may be one of the causes for the discrepancy in value of the dielectric constants as the Al/Ta ratio in SAT films was found to be 0.8 rather than the stoichiometric ratio of unity [12, 13] . No dielectric loss data has been reported for the SAT films therefore direct comparison between the dielectric constants of the film and that of the bulk SAT sample is not intended.
Sold solution of ternary and complex perovskite oxides
Further modiflcation of the SAN and SAT compositions has been carried out to flne tune their properties, particularly reducing their melting temperatures (SAT:1900 (1908d=25) [9] , and SAN: 1790 ti (1739±10) [9] ) [13] for easier fabrication of the crystals and better control of the reduction problem of the Nb 5 + and Ta5+. This modIfication was also an attempt to overcome the twinning problem and to stabilize the cubic phase at room temperature in LaΑ1O 3 crystals.
LaΑlΟ3 has a rhombohedrally distorted perovskite (Α3+B3+O3 type) structure. Although the Lai+ iou generally prefers the 12-coordination-site, it has a tendency for 9-coordination. The distortion in the LaO 12 polyhedron is brought about by a slight displacement of the oxygen atoms away from the ideal positions of the cubic perovskite form, which is more clearly shown in other [rare-earth] 3 +AΙO3 family members when the A-site cation radii become even smaller, e.g., in the case of PrΑlO3 [14] [15] [16] . Figure 4 presents Our approach following this direction was to introduce "balanced" cation substitution simultaneously in the A-and B-sites to increase the average cation size at the A-site, hence to stabilize the 12-coordination of that position and consequently the cubic perovskite structure. The solid solution of ternary LaΑlΟ 3 and complex oxides of Sr(Al 1 / 2 Τa 1 /2)O3 or Sr(Αl1/2Νb1/2)O3 was chosen for investigation.
By forming crystalline solutions with compounds of low melting temperatures, it was expected that the crystalline solution would result in lower melting temperature and consequently avoid the reduction problem and permit growth in platinum crucibles. NdGaO 3 was found to have a melting temperature of 1484 ± 240C, and it was therefore selected as an end member of the crystalline solution series with SAT and/or SAN for the present studies. NdGaO3 las the [GdFeO 3] structure with orthorbombic symmetry. No twinning problems are reported in this material. YBCO thin fllms deposited on NdGaO3 were of better qnality compared to those deposited on LaΑlO3 substrates. However, the high dielectric loss in the NdGaO 3 is a limiting factor for the YBCO fllm applications in microwave devices.
Single crystal fibers of modified strontium aluminum tantalum oxide (1 = x)Sr(Αl1/2Ta1/2)O3:xLaΑ1O3 (SAT:LA) and (1 = x)Sr(A1/2Ta1/2)O3: xNdGaO 3 (SAT:NG), and modifled strontium aluminum niobium oxide (1 -x)Sr(Αl 1 / 2 Νb 1 / 2 )O3:xNdGaO3 (SAN:NG) and (1 -x)Sr(Αl1/2Nb1/2)O3 : xLaΑlO3 (SAN:LA) were grown using a laser heated molten zone growth technique [16] . 0.7SΑΤ:0.3LΑ grows congruently and remains twin free simple cu-bic perovskite structure (as the SAT) when cooled down to room temperature. 0.7SAΤ:0.3LA crystals have moderate dielectric constant (κ = 21.7) and low dielectric loss (tan δ = 7.5 x 10 -5 ) at 10 kHz and 90 K. The reduction problem of Ta5 + is eliminated (which is common in the case of SAT growth). 0.7SΑΤ:0.3NG and 0.7SΑN:0.3ΝG have lower melting temperatures and crystal growth is easier. NdGaO3 addition to the SAT and SAN enhances the potential of SAT and SAN as large area substrates for HTSC growth. However, the dielectric constants increased from K 12 to κ 16 (0.7SΑΤ:0.3NG) and from κ 18 to n 23 (0.7SΑΝ:0.3ΝG) as a result of ΝdGaO 3 incorporation.
Our results further confirmed the report of Mateika et al. [18, 19] that the ideal cubic phase can be formed in (La,Sr)(Α1,Τa)O3 compounds. It is interesting to notice that similar substitutions using [Ca,Ta] instead of [Sr,Ta] did not produce a compound with cubic structure. The average A-site cation radii of the [Ca,Ta] substitution is smaller than that of LaΑ1O3 (ionic radii of Ca2+, La3+, and Sr2 + are 1.14, 1.185, and 1.27 Å, respectively) [20] , therefore, no stabilization effect on 12-coordination A-site is expected.
The cubic symmetry for the compound of SAT-NG and SAN-NG may be due to the fact that Ga3+ is almost of the same cation size as Ta5 +/Nb 5 +. Slight reduction in the A-site cation size is accompanied by the slight increase in the B-site cation size and thus the cubic structure of SAN or SAT stays intact.
The ideal cubic perovskite structure can be stabilized in the case of ternary LaΑ1O3 by forming a crystalline solution composition with cubic Sr(Α11/2Τa1/2)O3 and Sr(Α1 1 / 2 Νb 1/2 )O3 . The mechanism of this type of stabilization is through introducing the compensated cation substitution in the form of [2La 3 
with the Α2+ cation having a radius larger than that of Lai+ and therefore stabilizing the 12-coordinated A-site. Crystalline solutions of SAT-LA maintained or improved most of the dielectric and thermal properties of LaΑ1O3 and gained the advantage of forming a twin free simple cubic structure and improved lattice compatibility. ΝdGaO3 is shown to be an effective end member to decrease the melting temperature of SAN and SAT without disturbing their simple cubic (twin free) crystal structure. Dielectric constants of SAN and SAT with addition of the ΝdGaO3 were increased; however, the dielectric loss factor still remained less than 5 x 10 -4 . The results suggest that SAT-LA and SAN-LA are better candidates as substrate materials than LaΑ1O3 because the latter is intrinsically twinned. The growth of SAT-NG and SAN-NG are comparatively convenient as they have relatively low melting temperatures together with the relatively lower dielectric constants and the ideal lattice constants and thermal compatibility with the YBCO superconducting materials.
Other substrate candidates such as La(Mg 2 /3Ta1/3 )O3 [21] , La(Mg1 /2Τi 1 / 2 )O3 [22] , (Ca,Sr)(Ga,Nb)O 3 [23] and a family of materials of the magnetoplumbite structures [24] have also been fabricated and their dielectric properties studied. These crystals and their associated solid solutions provide several new options for ultra low loss, low permittivity, twin free oxides with low congruent melting temperature, matching thermal expansion and excellent chemical compatibility.
Prediction of the dielectric constants of ionic materials
An ion polarizability additivity rule (Shannon [25] ) was applied to calculate the dielectric constants of a large family of substrate materials (for HTSC fllms) and to compare with the measured dielectric constant values. The schematic approach of the ion polarizability rule applied by Shannon is summarized in Fig. 5 .
Tle macroscopic dielectric constant and the molecular polarizability are connected through the Clausius-Mosotti relation where αD is the dielectric polarizability and Vm is the molar volume in Α3 . Much of the effort in this field has been, rather than trying to resolve the local field of • each complex substance, to utilize the increasing pool of dielectric polarizabilities of substances with various compositions and structures. Dielectric polarizabilities and hence the dielectric constants of new materials/compounds whose dielectric constants have not been measured are potentially predictable by linear addition of the molecular polarizabilities of simpler substances (molecular polarizability additivity rule) [26] [27] [28] or ion polasizabilities of individual ions (ion polarizability additivity rule) [29, 28] . Review and comments about the application of polarizability additivity rules can be found in Shannon's paper [25] .
Tle calculation results using Shannon's ion polarizability data [25] (Table III , second column) and the ion polarizability additivity rule are shown in Table II. Comparison of the calculated and experimental molar polarizability and dielectric constants are tabulated. All the materials chosen for this study could be effective substrates for HTSC thin fllms. Some materials which appeared in Shannon's database or calculation are also included for the sake of completeness. Most of the structural data, symmetry parameters and the molar volume (VIn), are reasonably well established and the refined single crystal structure information used may be found in The Inorganic Crystal Structure Database (ICSD) [30] . Crystal structures and the molar volumes of new substrate materials are determined on available single crystal samples (grown by a laser heated pedestal growth technique) by X-ray diffraction. Ceramic samples of new substrate materials are also used, only for those well sintered samples having high density and cubic or pseudocubic symmetries. The experimental value of the dielectric constants were taken from Shannon's database wherever available, otherwise were our measurement results. Dielectric constants of new substrate materials are measured using a high precision capacitance measurement system (Gen Rad 1621) in frequency range 10 3 -105 Hz at room temperature and resonance technique or cavity perturbation techniques at the microwave frequencies (GHz). Details regarding the synthesis, preparation, and properties of new substrate materials may be found in the referred publications.
Several observations on the results listed in Table II are worth mentioning for further discussions. First, it is strikingly apparent that small discrepancies in molar polarizability can many times cause large discrepancies in dielectric constant prediction which indicates that the Vm value in dielectric constant prediction plays a significant role. Second, good agreements are usually seen in case of substances containing cations having high valence and small sizes, while large discrepancies are common in ternary systems which involve large cations in high coordination sites. Third, poor agreements are found in materials containing Nb or Ta Obviously any inaccuracy in dielectric constant measurements or structure parameter determinations are the up front cause for the discrepancies. All the data used in our calculation are believed to be the most reliable data available.
Besides experimental errors, large deviations from additivity rule using Shannon's ion polarizability data can sometimes be traced to, as pointed out by Shannon, unusual properties of the compounds such as ionic or electronic conductivity, the presence of dipolar impurities, or piezo or ferroelectricity. however, above mentioned irregularities are presumably non existent in the substrate materials in current study.
After taking into consideration the oxygen polarizability dependence of the volume, Vox , the calculation in Table II was repeated using the refined ion polarizabilities given by Shannon [25] (Table ICI , first column). The improvement is insignificant and discrepancy is 1argely non corrected.
A critical question needed to be answered after examining the ion polarizability calculation is whether the assumption is valid that cation (and fluorine) polarizability is independent of the compound in which it is found.
There seems to be enough indication which suggests that the answer to this question is no. Evidence was presented by Safford and Silverman [31] that a change of coordination of an iou alters the molar refraction contribution of the ion or more correctly of the group immediately surrounding the ion. Fajans and coworkers [32] showed that the coordination number of Ζn 2 + is related to the molar volume (of Ζn 2 +) and demonstrated a relationship between molar refraction and molar volume (of the cation). These authors slowed that the Αl3+ in fourfold coordination in glass or in certain crystals has a molar refraction contribution of 12.3 (calculated for Αl 2 O 3 ), whereas in sixfold coordination it is 10.5. Kreidl [33] first indicated that MgO may assume both "basic" and "acidic" properties in glass. Differences in molar refractions were found for Mgt+ in sixfold coordination such as in periclase MgO where R = 4.538, and in fourfold coordination such as in spinel MgΑl2 O4 where R = 5.18 [34] . For ions preferably found only in the same coordination, the dielectric polarizability of the ion remains relatively constant and the additivity rule applies well. Molar volumes of the compounds in these cases are all one need to calculate total polarizabilities of the compounds. Examples of this type would be the silicates and borates. For substances that contain cations which are found in different coordination, the difference in the dielectric polarizability is averaged when enough (unbiased) substances are used in the least squares fitting process and therefore good or fair additivity application can be obtained. Examples of this type may be identified as aluminates, and gallates. however, for cations like Cu2+, Βa2+, Re3+, Sb3+, As3+, Nb5+, Τa5+, the ion polarizability data are scarce and single crystal data are not available, the uncertainties are larger because the ratio of the number of observed molar polarizabilities to refined ion polärizabilities is rather low and the observed total polarizabilities have larger errors (as also noted by Shannon).
Modification proposed on current additivi1y approach
Following the above discussion, if the dielectric polarizability of a cation is dependent on individual compound, can a set of generally constant ion polarizability data be found and valid for use by the additivity rule for a broad range of compounds with various coordination combinations or crystallographic senses? Following the work of O'Keeffe [35] and Brown and Altermatt [36] on the apparent bond valences and their relations to bond lengths, we suggest reformulating of the ion polarizability additivity rule by normalizing each ion polarizability to its electrostatic valence status. In order to narrow down the differences between the calculated and measured values, we considered several new factors in Shannon's approach. One of the new approach defines the normalized ion polarizability which is applicable for estimation of the dielectric constants with higher precision once the refined crystal structure is known. The derivation of the modified ion polarizability data and the preliminary examination on ionic materials of broad range is content of a separate publication.
summary
Oxide crystals with the perovskite structure are major candidates for YBCO film epitaxial deposition particularly if large size cubic, twin free crystals become available. SAT has already shown promise in high quality epitaxial YBCO film growth. With improved growth capability, the SAT and particularly its modified solid solutions may be more useful than the intrinsically twinned LaΑ1O3. Solid solutions between the known complex perovskite oxide and ternary end members, especially gallates, will provide large number of options to tailor the material for specific device applications. The property parameters of the newly proposed substrate materials of oxide perovskite family are summarized in Table III . LaΑ1O3 and ΝdGaO3 are also listed for comparison.
